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Probably  not,  says  Intel  Chairman  and  Co-founder  Gordon  Moore. 


Technical  and  business  limitations  will  soon  present  real  problems  to  the 
“law”  that  states  chip  density  doubles  every  18  to  24  months.  Falling  off  the 
curve  has  implications  for  everyone  in  the  silicon  food  chain,  including  IS 


managers  who  count  on  rapid  systems  upgrades  to  drive  business. 


At  the  Computenuorld-Smithsonian 
Monti  cello  Lectures  on  May  1, 
Moore  spoke  on  the  past,  present  and 
future  of  the  microchip,  the  electron¬ 
ics  industry  and  Moore's  Law.  This 
article  is  excerpted  from  his  lecture 
and  from  an  interview  with 
Leadership  Series  Editor  Bruce 
Rayner. 

There  is  nothing  natural  about 
Moores  Law.  It  emerged  from  the 
work  of  people  developing  dramat¬ 
ic  new  technologies,  products  and 
processes.  And  there  is  nothing  sa¬ 
cred  about  the  18-to-24-month 
time  period  between  generations  of 
microchips.  The  relentless  pace  of 
chip  development  has  to  do  with 
many  different  factors.  Among 
them:  having  access  to  a  lot  of  cap¬ 
ital,  moving  research  and  develop¬ 
ment  close  to  the  manufacturing 
process,  creating  open  organiza¬ 
tions  where  innovation  can  flour¬ 
ish,  accepting  change  as  a  constant 
and,  of  course,  having  a  healthy 


dose  of  luck.  Indeed,  these  are  the 
factors  that  have  shaped  Silicon 
Valley  over  the  last  four  decades. 

But  there  is  another,  more  fun¬ 
damental  driver  of  Moores  Law, 
according  to  the  man  himself. 
“More  than  anything,  once  some¬ 
thing  like  this  gets  established,  it 
becomes  more  or  less  a  self-fulfill¬ 
ing  prophecy.  The  Semiconductor 
Industry  Association  puts  out  the 
technology  road  map,  which  con¬ 
tinues  this  generation  [turnover] 
every  three  years.  Everyone  in  the 
industry  recognizes  that  if  they 
don’t  stay  on  essentially  that  curve 
they  will  fall  behind.  So  it  sort  of 
drives  itself.  Until  we  get  to  the 
point  where,  for  some  reason  or 
another,  no  matter  how  hard  we 
try  we  can’t  do  it  anymore.” 

What  will  stop  the  silicon  freight 
train?  Moore,  who  in  1965  first 
identified  the  relationship  between 
time  and  the  number  of  transistors 
on  a  microchip,  has  two  funda¬ 


mental  concerns  about  staying  on 
the  curve.  First,  there  are  business 
limitations.  As  chip  densities  rise, 
the  cost  of  production  rises  almost 
exponentially.  Second,  there  are 
real  physical  limitations.  Problems 
arise  as  chip  design  gets  down  to 
the  atomic  level. 

Will  a  new  technology,  or  com¬ 
bination  of  technologies,  provide  a 
solution?  Moore  doesn’t  think  so. 
“It  is  always  presumptuous  to  say 
‘forever,’  but  I  don’t  see  anything 
that  is  going  to  come  along  that 
will  replace  [microelectronics]  tech¬ 
nology. 

“Maybe  I’m  just  getting  old,  but 
my  view  is  that  the  technology 
that’s  developed  around  silicon  was 
a  general-purpose  technology  for 
making  microstructures  of  materi¬ 
als.  I  think  it’s  extremely  unlikely 
that  some  kind  of  biological  assem¬ 
bly  process,  to  pick  an  example,  is 
going  to  be  able  to  make  the  same 
kind  of  products,  and  therefore,  re- 
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ally  be  a  substitute  technology.” 

If  that’s  the  case,  how  much 
longer  can  the  semiconductor  in¬ 
dustry  sustain  exponential  growth 
in  the  complexity  of  successive 
generations  of  integrated  circuits? 

“I  think  much  of  the  rate  of 
progress  can  be  expected  to  contin¬ 
ue  for  at  least  a  few  more  genera¬ 
tions.  Three  generations  of  tech¬ 
nology  at  three  years  per 
generation  is  about  a  decade.  So  I 
can  see  us  staying  on  roughly  the 
same  curve  that  long.” 


Business  limitations 

“What  concerns  me  more  than  ap¬ 
proaching  physical  limits  —  and 
there  are  real  physical  limits  as 
eventually  the  atomic  nature  of 
matter  really  starts  to  bite  —  is  the 
fact  that  the  cost  of  the  technology 
seems  to  be  growing  exponentially 
as  well.  This  doubling  of  the  cost 
about  every  generation  is  some¬ 
thing  that  is  going  to  be  hard  to 
continue.  It  will  be  hard  to  stay  on 
the  same  kind  of  curve  that  we’ve 
been  on  previously.” 

Cost  of  equipment.  “When 
Intel  started  [in  19681,  we  raised 
$3  million.  That  let  us  equip  our 
first  factory,  develop  new  technolo¬ 
gies  and  develop  our  first  products 
and  get  them  to  market.  Now  one 
of  our  larger  factories  that  does  just 
the  wafer  processing  —  it  doesn’t 
even  do  the  assembly  and  test  — 
costs  about  $2.4  billion  when 
they’re  full  of  equipment.  We  also 
have  smaller  factories  that  cost 


$1.5  billion.  [These  new  factories] 
don’t  last  very  long  because  of  the 
[rapid  evolution  of]  technology. 

“Back  in  1968,  a  piece  of  manu¬ 
facturing  equipment  —  a  bank  of 
furnaces  or  a  photo  lithography 
tool  or  whatever  —  cost  about 
$12,000.  It  varied  a  little  bit,  but 
that’s  a  pretty  good  approximation. 
The  number  now  is  about  $6  mil¬ 
lion  —  a  500-fold  increase  in  the 
cost  of  a  piece  of  equipment. 

“Intel’s  revenue  per  employee  has 
grown  from  about  $64,000  [in  the 
mid-1980s]  to  $437,000  last  year, 
a  sixfold  improvement.  But  it’s  a 
darn  good  thing  it  did  because  our 
capital  investment  per  employee 
grew  from  $68,000  to  $274,000, 
or  about  fourfold.  That’s  a  pretty 
darn  capital-intensive  business. 

“If  you  extrapolate  the  history  of 
the  last  few  decades,  the  cost  of  a 
factory  has  about  doubled  every 
technology  generation,  and  it 
doesn’t  show  any  sign  of  rounding 
off.  If  you  double  that  for  even 
two  more  generations,  you  arrive 
at  $10  billion  factories.  That  is  a 
rate  of  increase  that  is 
awfully  hard  to  swallow. 

“I  don’t  think  we  can 
do  that  for  two  more 
generations.  Of  course, 
two  generations  ago,  I 
wouldn’t  have  consid¬ 
ered  the  $2.5  billion 
factory  viable,  either. 

We  are  getting 
to  the  point 
where 
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You  have  to  accommodate  the  past 


Prevail  in  the  present.  And  remain 


flexible  into  the  future.  Feel  any  pressure? 


What  computer  company  do  you  work  with? 


You  should  be  working  with  Hewlett-Packard,  a  company 


that  knows  how  to  make  client/server  solutions  work  in  the 


real  world.  Over  the  years,  HP  has  helped  thousands  of 


companies  successfully  transition  to  flexible  open  enterprise 


computing.  And  we  can  do  the  same  for  you.  If  the  business 


are  yours 


HEWLETT® 

PACKARD 


Leadership  Series 


After  sending  the  first  simple  integrated  circuit  into  production 
in  1961,  Moore  called  his  lab  staff  together  to  discuss  what 
technology  they’d  tackle  next.  “We  had  no  appreciation  that  we 
had  just  turned  over  the  first  stone  in  this  huge  quarry.” 


the  cost  of  the  factory,  the  depreci¬ 
ation  cost  and  the  cost  of  the  in¬ 
vestment  is  an  increasingly  large 
fraction  of  the  total  cost  of  build¬ 
ing  the  integrated  circuit.  It  is  get¬ 
ting  up  to  the  percentage  now  that 
it  is  certainly  not  clear  to  me  that 
we  can  keep  doing  it. 

“A  lot  of  the  smaller  companies, 
even  some  larger  companies,  are 
taking  advantage  of  factories  built 
by  others.  There  are  factories  built 
in  Asia  whose  charter  from  the  be¬ 
ginning  was  to  supply  contract 
manufacturing. 

“But  I  don’t  anticipate  the  major 
players  moving  in  that  direction. 
You  might  avoid  the  capital  invest¬ 
ment,  but  there  are  a  lot  of  disad¬ 
vantages  to  depending  on  other 
people’s  capacity.  The  only  way 
you  can  be  sure  you  have  leading- 
edge  capacity  is  if  you  build  it 
yourself.” 


Cost  of  labor.  “Intel’s  first  mi¬ 
croprocessor,  [the  4004],  which 
came  out  in  1971  and  had  about 
2,200  transistors  on  it,  had  a  gang 
of  about  10  people  designing  it. 
Today,  the  generation  we’re  work¬ 
ing  on,  instead  of  2,200  transis¬ 
tors,  has  about  10  million  transis¬ 
tors,  or  about  a  5,000-fold  increase 
in  the  complexity  of  the  chip  if 
you  measure  it  by  the  number  of 
transistors.  The  size  of  the  design 
team  has  gone  from  10  people  to 
400  to  500  people,  and  the  costs 
have  gone  up  at  least  proportional¬ 
ly.  If  you  plot  it,  it  is  pretty  near 
exponential.  Unfortunately,  I  see 
[this  trend]  continuing.” 

Physical  limitations 

The  other  major  challenge  the 
semiconductor  industry  faces  is  the 
physical  dimensions  of  the  chips 
themselves.  As  the  number  of  tran- 


It  may  be  a  microprocessor  powerhouse, 
but  Intel  missed  the  mark  on  some  key 
opportunities  along  the  way,  admits 
Moore: 

DIGITAL  WATCHES.  “Our  ini¬ 
tial  objective  was  to  identify 
areas  where  we  could  make 
complex  silicon  chips  in  large 
volume:  Memories  being  the 
first  one,  microprocessors 
being  the  second  one.  We  thought 
digital  watches  was  the  third  one. 

“Intel  was  the  first  company  with  a 
liquid  crystal  digital  watch  on  the  mar¬ 
ket  [in  the  early  1970s],”  says  Moore, 
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“and  we  were  also  one  of  the  first  ones 
out  of  the  business.” 

The  total  investment  in  Intel’s  Microma 
venture?  About  $15  million,  Moore 
estimates.  He  still  straps  on  his 
vintage  digital  watch  every 
day,  keeping  it  as  a  reminder 
that  not  all  business  ventures 
will  be  as  lucrative  as  micro¬ 
processors.  “It  has  an  alarm  in 
it  that  wakes  me  up  every  morning.” 
THE  HOME  PC.  The  personal  comput¬ 
er  “was  an  opportunity  that  was  pre¬ 
sented  to  me  [in  the  early  1970s],  well 
before  Apple  [developed  its  first 
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sistors  rises,  so  does  the  complexi¬ 
ty  of  the  design,  the  size  of  the 
transistors,  manufacturability  and 
so  on. 

Transistor  dimensions.  “It 
looks  like  the  transistors  them¬ 
selves  face  some  problems  with 
minimum  dimensions  on  the 
order  of  0.05  micron.”  Right 
now,  the  industry  is  moving  to¬ 
ward  0.25  micron  technology 
for  mass  production. 

“If  you  can  operate  at  increas¬ 
ingly  lower  voltage  levels  you’d 
be  OK,  but  people  are  con¬ 
cerned  with  going  below  some¬ 
thing  like  one  volt.  I  think  that 
practically  now,  the  people  in  the 
industry  would  generally  agree 
that  a  minimum  dimension  of 
around  0.05  microns  starts  to 
cause  some  fundamental  prob¬ 
lems  with  devices. 

“The  [integrated  circuit]  in¬ 
dustry  tends  to  go  in  steps  of 
about  a  factor  of  0.7.  So  if  we  are 
looking  at  0.25  micron  as  the 
next  generation,  then  a  few  years 
later  we’ll  be  at  0. 1 8  micron  [ap¬ 
proximately  0.25  micron  times 
0.7];  then  a  few  years  after  that, 
0.13  micron  [approximately 


0.18  times  0.7].  If  you  stayed  on 
that  path,  we’ve  got  another  two 
or  three  generations  after  0.13 
before  we  get  to  0.05  micron.”  If 
each  generation  takes  about 
three  years,  then  it  will  be  12 
years  before  the  industry  faces 
the  0.05  micron  barrier. 

X-ray  lithography.  “Now, 
there  are  some  intermediate  bar¬ 
riers  that  we  have  to  contend 
with.  One  of  them  is  ordinary 
optical  lithography.”  (Optical 
lithography  is  the  technology 
that  chip  makers  use  to  produce 
the  device  pattern  on  the  silicon 
wafer.) 

“Ordinary  optical  lithography 
systems  can  go  down  to  0. 13  mi¬ 
cron.  But  to  get  below  that,  you 
move  into  X-ray  region.  X-ray  or 
‘extreme  ultraviolet’  lithography 
is  a  major  change  for  the  indus¬ 
try.  It  will  require  completely 
new  equipment.  So  X-ray  lithog¬ 
raphy  has  got  a  lot  of  investment 
ahead. 

“I  think  to  avoid  [technical] 
problems,  people  will  come  up 
with  a  hybrid  approach  to  litho¬ 
graphy,  where  you  only  use  [X- 
ray  lithography]  for  the  finer 


structures  in  a  small  portion  of 
the  device  and  then  [use]  regular 
photo  lithography  for  the  rest  [of 
the  chip] .  I  think  there’s  going  to 
be  some  kind  of  a  discontinuity, 
though.” 

What  next? 

Barring  a  replacement  technolo¬ 
gy,  Moore’s  Law  has  until  about 
2010  before  it  comes  up  against 
a  brick  wall,  Moore  says.  What 
then?  Will  product  development 
begin  to  slow?  Will  the  cost  of 
successive  generations  of  tech¬ 
nology  rise  instead  of  fall,  as  it 
has  over  the  past  three  decades? 

A  lot  depends  on  technology 
innovations  over  the  next  few 
years.  But  it  wouldn’t  hurt  for 
business  leaders  to  start  think¬ 
ing  about  the  consequences  of 
the  end  of  Moore’s  Law.  ♦ 


Gordon  E.  Moore,  Ph.D.,  67,  is 
chairman  of  the  board  at  Intel 
Corp.  A  pioneer  in  the  microelec¬ 
tronics  industry  and  co-founder  of 
Intel  in  1968,  he  received  the 
National  Medal  of  Technology 
in  1990  from  President  George 
Bush. 
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model].  An  Intel  engineer  came  up  to 
me  and  suggested  that  we  could  make 
a  computer  for  the  home  using  the 
microprocessors  that  we  were  doing 
then.  But  the  only  application  he  could 
suggest  was  the  housewife  with  her 
recipes. 

“I  couldn’t  see  my  wife  sitting  at  the 
stove  poking  numbers  into  a  PC,  and  so 
we  decided  that  it’s  not  a  product  that 
would  ever  go  anyplace.” 

DRAMs.  “We  missed  some  opportu¬ 
nities  by  poor  activities:  The  dynamic 
RAM  business,  for  example,  which  was 
the  product  that  really  got  [Intel]  going 


initially,  [in  the  early  1980s],  we  kind 
of  stumbled  on  a  couple  of  subsequent 
[DRAM]  generations  and  lost  our  lead¬ 
ership  position. 

“And  eventually  in  the  [electronics] 
industry  depression  in  1985,  where  we 
were  positioned  again  to  jump  back 
into  a  leadership  position,  we  looked  at 
the  investment  that  was  required  and 


decided  we  would  have  to  build  a  cou¬ 
ple  of  new  plants.  At  that  time,  [the 
investment]  would  have  been  about 
$400  million.  And  since  the  whole 
industry  was  losing  money  in  that  busi¬ 
ness,  we  didn’t  see  it  as  a  good  return. 

“So  in  spite  of  having  done  the  devel¬ 
opment  of  both  the  technology  and  the 
product,  we  abandoned  DRAMs.” 
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Pictured:  the  HP  NetServer  5/100  LH.  Awards  shown:  PC  Magazine  Editors'  Choice  HP  NetServer  5/133  LH;  PC  Computing  BEST  HP  NetServer  5/133  LS2;  LAN  Magazine  Products  of  the  Year  HP  NetServer  LS  Series;  Netivork.  Computing  Editor  Refuses  to  Give  it  Back 
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